Among our cohort of adolescents and young adults with perinatally acquired human immunodeficiency virus, few (17.6%) had measles protective antibodies by plaque reduction neutralization (PRN). Agreement was demonstrated between the commercial enzyme immunoassay and the PRN assay (K = 0.59 [95% confidence interval: 0.23-0.95]). Further studies are needed to understand the determinants of immunity in this population.
Combination antiretroviral therapy (cART) has dramatically improved survival among children with perinatally acquired human immunodeficiency virus (PAH). As these survivors age into adolescence and adulthood, unanticipated health problems have emerged including inadequate seroprotection to vaccine-preventable illnesses such as measles [1] [2] [3] [4] [5] [6] [7] [8] [9] . In addition to the direct health risks for those with PAH, PAH individuals with poor or short-lived immunologic responses to measles, mumps, and rubella (MMR) vaccination may hinder global efforts to eradicate measles [9] . The possibility of reintroduction of measles into the United States remains an ongoing public health concern [10] . However, the greatest global health risk may be in low resource countries where the prevalence of human immunodeficiency virus (HIV) and measles are high [9, 10] .
After MMR vaccination, low rates of initial seroconversion and waning immunity have been reported among children with PAH [1] [2] [3] [4] [5] [7] [8] [9] . In general, levels of immunoglobulin (Ig)G and antigen-specific memory B cells have strongly correlated with adherence to cART as well as the degree of immunosuppression [2-4, 7, 9] . Given the improved survival of children with PAH, it is important to determine the prevalence of measles immunity among adolescents and young adults with PAH and whether the commercially available measles enzyme immunoassay (EIA) is adequate to assess immunity. We designed our study to determine the prevalence of measles immunity among our population and to compare the performance of the commercially available measles EIA with the research gold standard, plaque reduction neutralization (PRN) assay used to identify seroprotection and the need for revaccination [11] .
METHODS

Study Population
Individuals were recruited from the Jack Martin Clinic at Mount Sinai Hospital (MSH), New York, an urban clinic providing HIV care to pediatric and adult patients infected with HIV. All individuals with PAH who met inclusion criteria were offered enrollment in the study. Inclusion criteria were individuals with PAH aged 13 to 26 years, who were receiving care at MSH Jack Martin Clinic, and had previously documented MMR vaccination. Participants or their caregivers, as appropriate, provided verbal assent or consent before enrollment. This study was approved by the Mount Sinai School of Medicine Institutional Review Board.
Measurements
As part of their routine care, HIV-infected adolescents and young adults are screened for the presence of measles, mumps, and rubella IgG-neutralizing antibodies by the EIA used at MSH (using the Vidas automated immunoanalyzer instrument by bioMerieux). Results are usually obtained within 5-7 days. After testing at MSH, remaining samples were sent to collaborators at the Centers for Disease Control and Prevention (CDC) for measles IgG testing by PRN assay. Measles immunity was defined as IgG titers >120 mIU by PRN assay and >0.70 IU by EIA. Participants found to be measles nonimmune will be offered revaccination, if they meet clinical criteria as defined by the Advisory Committee for Immunization Practices. Information regarding prior MMR vaccination, measles serology, CD4 cell count, nadir CD4 cell count, HIV RNA levels, opportunistic infections, comorbid conditions, and antiretroviral regimens was obtained via medical record review for each participant.
Analysis
Baseline characteristics were compared between measles immune and nonimmune groups using unpaired t, Wilcoxon rank sum, χ 2 , or Fisher's exact tests as appropriate. Kappa statistic was calculated for MSH's commercially available measles EIA with 95% confidence intervals (CIs). Statistical analyses were performed using SAS 9.2 (Cary, NC).
RESULTS
Thirty-four subjects were enrolled between June and October 2011. Both MSH EIA and CDC PRN assays were conducted on all but 1 subject in whom the quantity of serum available was insufficient. The kappa statistic between the PRN and EIA assays was 0.59 (95% CI, .23-.95). There were 4 discrepant results between the MSH EIA and the CDC PRN assay. Two of these subjects were determined measles nonimmune by PRN assay but immune by EIA assay. Based on PRN assay, only 6 of 34 (17.6%) participants were measles immune.
Baseline characteristics of the cohort are shown in Table 1 . Measles immune participants were younger than nonimmune subjects (median age 14.5 vs 19 years [P = .01]) and had fewer elapsed years since their last MMR vaccination than nonimmune subjects (7.5 vs 13 years [P < .01]). One (17%) measles immune participant had a history of opportunistic infections compared with 18 (62%) nonimmune participants (P = .07). The opportunistic infections reported included pneumocystis pneumonia (PCP), herpes simplex, cytomegalovirus, recurrent candida infections, Mycobacterium tuberculosis, Mycobacterium avium intracellulare, Mycobacterium xenopi, acquired immune deficiency syndrome wasting syndrome, viral warts, lymphoid interstitial pneumonitis, and herpes zoster. The majority of the subjects with opportunistic infections had more than 1 opportunistic infection in their past medical history. Median CD4 cell count at enrollment and nadir CD4 cell count were 682 cells/mm 3 In addition, 83% of immune participants were receiving antiretroviral therapy (ART) (16.7% on monotherapy and 66.7% on cART) at the time of initial vaccination compared with 30% nonimmune participants (P = .03). Finally, there was no statistical difference in median number of MMR vaccinations between nonimmune and immune participants (P = .62). 
DISCUSSION
In this study of adolescents and young adults with PAH, we found very low rates of measles immunity despite appropriate prior vaccination. In addition, consistent with prior studies evaluating the sensitivity and specificity of commercially available measles EIA assays compared with PRN [12] , our findings demonstrate some agreement between the EIA used at MSH (Vidas) and the gold standard PRN assay available through the CDC. As measured by PRN assay, 82% of previously vaccinated adolescents and young adults enrolled in our study were not immune to measles. Worldwide, significant variability in rates of seroprotection amongst children with PAH have been reported in the literature (5.5%-88%). However, the majority of these studies have demonstrated low rates of immunity among this population [2] [3] [4] [5] [6] [7] [8] [9] . Studies of youth with PAH from the United States reported a wide range (31%-94%) of children lacking immunity to measles, despite prior vaccination [2] [3] [4] [5] [6] 9] . These studies followed children from 1 month to several years after vaccination, but, overall, the longitudinal follow-up between vaccination and final visit was significantly less time than in our study [2] [3] [4] [5] [6] 9] . Most recently, 1 study reported a 52% rate of seroprotection among children with PAH enrolled through the International Maternal Pediatric Adolescent AIDS Clinical Trials Group [9] . In addition, children on cART with viral load suppression had higher rates of seroprotection after measles revaccination. Overall, studies have demonstrated short-lived initial immune responses; the lack of a durable immune response could explain our observations of low rates of measles immunity in an older population. This lack of durable immune response also may account for the very low rates (5.5%) of measles immunity in older patients with advanced HIV disease reported by Melvin and Mohan [2] .
In our study, measles seroprotection was associated with higher median CD4 cell count at study enrollment, which reached borderline significance. However, higher median nadir CD4 cell count was weakly associated with seroprotection, but this data did not reach significance. In the literature, measles seroprotection has been associated with better viral control and improved immune status both at the time of vaccination and over time [2] [3] [4] [5] [7] [8] [9] . However, inconsistencies are reported among studies regarding the role viral load and CD4 cell count play in sustained measles immunity and primary vaccine response after revaccination [2-5, 7, 9] .
Finally, in our study, measles immunity was associated with ART at the time of first MMR vaccination. This is consistent with many reports demonstrating a generally positive association between cART and adequacy of vaccine response [1] [2] [3] [4] [5] [7] [8] [9] . However, waning immunity after cART initiation has been observed among some children who were measles immune [3-5, 7, 8] . A study of children with PAH in Kenya demonstrated that 53% of children who were initially measles immune became nonimmune after 6 months of cART and immune reconstitution [7] . Likewise, a study in the Netherlands demonstrated that 40% of children with PAH who were initially immune to measles lost their measles antibodies while on cART with immune reconstitution [8] . Future research will need to investigate the effect of cART on immune responses to live virus vaccines and the ideal timing of vaccination in relation to the initiation of cART [1] [2] [3] [4] [5] [6] [7] [8] [9] .
Our study is subject to a number of limitations. Small numbers make interpretation of results with wide CIs challenging and preclude meaningful assessment of a number of variables of interest. Evaluation of viral load and rates of viral suppression at the time of first and subsequent MMR vaccinations as well as ART status at the time of third MMR vaccination by measles immune status could have provided valuable information. At the time of diagnosis for many of our subjects, routine viral load testing had not yet become available. In addition, whether the majority of our patients were on ART at the time of their first MMR vaccination was determined by ART availability. In the early to mid-1990s there were few antiretroviral medications available, particularly in pediatric formulations. Most of the patients in this study who were started on ART early in life were started on single or dual therapy with cART being initiated years later, often after the first MMR vaccination was administered. Because the median age of the measles immune group was significantly younger than the nonimmune group in this study, many in the measles immune group may have had access to cART at the time of their initial MMR vaccination as opposed to others in the older measles nonimmune group who may not have had access to cART at that time. A previous study indicated that a PRN titer of >120 mIU correlates with protection from measles [13] . Although it is possible that the seronegative individuals described here may have residual measles-specific B and T cell memory, it is not known what level of protection the cellular components might provide especially given numerous reports of B and T cell dysfunction as a result of HIV infection. However, the possibility that cellular immunity in these individuals could provide protection should be the subject of further investigation because it may circumvent multiple revaccinations, which do not seem to provide long-lasting serum antibody in this population.
Although limited by a small sample size, the overwhelmingly low rates of measles immunity found in our cohort merits further investigation. Perinatally acquired HIV infection affects the development of B and T cells, impairing responses to infections and vaccination with attenuated live virus vaccines like MMR [2-4, 6, 8] . Initiating cART at an early stage of HIV infection, specifically within the first year of life, may preserve enough B and T cell function to form lasting and effective antibody against measles and other vaccine-preventable diseases [1] [2] [3] [4] [5] [6] [7] [8] . Vaccine responses among individuals with immune reconstitution after cART warrants further study. In addition, our findings support the need to investigate early immune responses after MMR revaccination to determine predictors of vaccine success and identify strategies to improve vaccine responsiveness. In this study, those subjects found to be nonimmune to measles will be offered revaccination with MMR as part of a larger study currently under development to better understand the immune response to live viral vaccines in this vulnerable population.
Studies demonstrate a growing population of children with PAH who are reaching adolescence and adulthood with inadequate seroprotection to measles. Their increased presence in high transmission settings such as colleges, schools, and chronic care facilities may pose a larger public health risk. As more low-resource countries have access to cART for the management of pediatric HIV, the rising number of perinatally HIV-infected adolescents and young adults worldwide who do not maintain immunity to live virus vaccines could potentially undermine global eradication efforts of measles and other diseases.
